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Within NASA’s recent thrust for industrial collab-
oration, J PI, has recent] y established two technology
cooperation agreements in the robotics area: one on
virtual reality calibration with Deneb Robotics, Inc.,
and the other on redundant manipulator control with
Robotics Research Corporation (RRC)  . These tech-
nology transfer tasks will enable both Deneb and RRC
to commercialize an upgraded v,ersion  of their prod-
ucts that will greatly benefit both space and terrestrial
t.elerobotic  applications.

C O M M E R C I A L I Z A ’ T I O N  O F
J P L  V I R T U A L  R E A L I T Y
C A L I B R A T I O N  T E C H N O L O G Y

J PI. recently developed a virtual reality calibration
technique that enables reliable and accurate matching
of a graphically simulated virtual environment in 3-
11 geometry and perspective with actual video camera
views [I], [2], This technique enables high-fidelity pre-
view/predictive? displays with calibrated graphic over-
lay on ‘Iivc video for telerobotic servicing applications.
1 ts effectiveness was successfully demonstrated in a
recent JPI,/NASA-GSFC  ORU (Orbital Replacement
Unit) changeout  remote servicing task,

The current J PI. VR calibration is a two-step pro-
cedure: camera calibration followed by object local-
ization. Key ncw features of this JPI, VR calibration
tcchniquc include; 1) An operator-interactive method
is adopted to obtain reliable correspondence data. 2) A
robot arm itself is used as a calibration fixture for came-
ra calibration, eliminating a cumbersome procedure
of ,using external calibration fixtures. 3) The object
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localization procedure is added after the camera cali-
bration as a new approach to obtain graphic overlay
of both the robot arm and the object(s) on live video
and enable effective usc of the computer-generated tra-
jectory mode in addition to the teleopcration  mode.
4) A projection-based linear least-squares algorithm is
extended to handle multiple camera views for object lG
calization. 5) Nonlinear least-squares algorithms c.onl-
bincd with linear ones are employed for both camera
calibration and object localization. Details of the algo-
rithms and their software listings [3] were prepared as
part of this JPI,-Industry  cooperative task,

An example of a calibrated graphic overlay after the
virtual reality calibration for the J PI,/NASA-GSF(~  re-
mote servicing demonstration is shown in Fig. 1. The
positioning alignment accuracy achieved in inserting
a tool into the ORU hole using 4 camera views was
0.51 cm on the average with a 1.07 cm maximum error
at 95% confidence level. After matching 3-D graphics
models of a virtual environment with actual camera

views through the above virtual reality calibration
technique, the operator can now perform a telerobotics
servicing task with preview/predictive displays hav-
ing calibrated graphics overlay on live video, Pre-
view/predictive displays allow the operator to generate
the simulated robot arm trajectory in preview and then
to visually monitor and verify the actual remote robot
arm motion with confidence, and thus providing effec-
tive visual prediction/verification to the operator and
enhaucing  safety and reliability in remote servicing op-
erations regardless of communication time delay. Fig. 2
shows a snapshot of a preview/predictive display dur-
ing the pcrformauce  of the JPI,/GSF’C  demonstration
task.



.,.

Figure 1: Overlay of calibrated 3-D graphic mod-
els (wireframes  with semi-transparent surfaces) on live
video for telerobotic  satellite servicing

Figure 2: A snapshot of a preview/predictive display
during the performance of the ORU extraction in the
JPI,/GSFCORU  changeout dernc,nstratio  ntask.

A p p r o a c h
We have t akcn the following approach in our J Pl,-

lndustry cooperative Deneb  Commercialization l’ask.
1) J 1’1, transfers the VR calibration software technol_
ogy to Deneb.  2) Dcneb,  cooperative with J PI,,  inserts
this software technology into its commercial product
‘1’lX,ll}G R] P as the video overlay/VR calibration op-
tion for marketing. 3) In return, NASA utilizes this
enhancement of commercially support,cd  product for
NASA applications.

‘J’hc virtual reality calibration option implemented
on ‘J’RI,I’;GRII’  will be an important element to build
a state-of-the art VR interface in tclcrobotic  appli-
cations with preview/predictive displays. Thus, the
enhanced Ihmeb  product can be effectively used in
both space and terr&trial telerobotics  applications,
IJroviding  1 ) immediate benefits to NASA for ground-
controlled telctobotic servicing in space, 2) immedi-
ate benefits to the National DOE  (I)cpartment  of lh-
crgy) I,abs working on the disposal and remediation
of nuclear waste, and 3) foreseeable poetcntial appli-
cations in automotive manufacturing, medical teler-
obotic silrgery, telerobotic construction, and mainte-
nanc.c robots.

I m p l e m e n t a t i o n  o n  TELEGRIP
‘J’hc J]’], v’irtual reality calibration option is cur-

rently  being implemented on Dcncb’s ‘1’I~I,I~G  R1l’ [4]
which is an open architecture based upon Dynamic

Shared Objects (1) S0’s). 1)S0’s  provide many benefits
when compared with other strategies for incorporating
user-defined modules with a centralized kernel includ-
ing speed of development, access to all internal func-
tions and data including the entire geometric database,
flexibility in development, and minimizing platform de-
pcndencc.  A key important feature provided by this
“J’I;I,I+;GRJP  open architecture is that it allows devel- ‘
opers/users to add their own virtual reality calibration
algorithms and video overlay methods, if necessary.

Both one-window and two-window graphics/video
displays arc planned to be supported for VR calibra-
tion. Under the one-window calibration strategy, the
‘I’RI,  I} GRII’ graphics display is divided into two sep-
arate vertically arranged hT’J’SC-sized  viewports. One
vicwport contains the live video image of the work en-
vironment,  while the other displays the equivalent 311
graphical model. Upon completion of the camera cal-
ibration and object localization phases, the graphics-
ovcrlaid  video image will bc available to display in one
of tile viewports or to diplay on a separate NTSC mon-
itor. ‘J’he two-window approach relies upon two exter-
nal NrJ’SC-sized GI, or GLX windows with one window
containing the live video image and the other the 31)
graphic display. g’his enables users to relocate the win-
dows in a manner desirable for their particular appli-
cation. Uporl completion of the camera calibration and
object localization phases, graphics-overlaid video inl-
age is available to display in any window including the
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‘1’I1l,l;GIU  1) window or to dis})lay on a separate N’1’SC
scrccn.

‘1’hc ‘l’l’;IJI’;GRII)  vicfco overlay ilnplcmcntation is
based upon an appl icat ion progratnmcrs  intcrfacc
(Al’]) layer which insulates the overlay clcve]opcr  from
the specifics of viclco hardware, thus enabling support
over a wide ra~lgc of video products. Support is cur-
rently planned for the SGI Vidcol,ab,  Galileo, Indigo2,
Indy, and Scrius  Vidcoboards  encompassing the entire
range of current SGI computing hardware from the
]ndy to the Onyx. Graphic models can bc overlaid
in wire-frame or in solid-shaded polygonal rendering,
with varying lCVCIS of transparency to produce differ-
ent visual effects.

C O M M E R C I A L I Z A T I O N  O F
J P L  R E D U N D A N T  M A N I P U L A T O R
C O N T R O L  T E C H N O L O G Y

‘1’heoretical  and experimental investigations have
demonstrated that dexterous manipulation tasks can
be carried out only by redundant, force-controlled
robotic manipulators that possess flexibility and ver-
satility comparable to the human arm. For research
in this area, the Robotics I,aboratory at J 1’1, acquired
in 1989 two redundant 7-DOI?  manipulators made by
Robotics Research Corporation (RRC)  of Ohio, the
leading manufacturer of this type of manipulators since
the mid 1980’s.

At the time of purchase, neither the application do-
main nor the required ,redundant  control laws for such
advanced manipulators were fully dcvclopcd. J l’1~ re-
search has contributed to both areas by identifying
tasks in which redundancy is essential and by devel-
oping an underlying control methodology for such ma-
nipulators.

RRC has recently expanded and enhanced its prod-
uct line by introducing a second-generation version
of its manipulator that provides improved mechanical
performance al~d emp]oys  a unique low-level control
system. in which all servo electronics are mounted in
the arm. It is now logical to begin integrating RRC’S
state-of-the-art servomechanism technology with J l>l,’s
advanced high-level control developments, and to pre-
pare  this, ncw robot technology for commercial appli-
cations.

Under funding from NASA, the first phase of such a
commercialization activity began in I’Y’94, with trans-
fer to RRC of an algorithm for redundant arm control
developed at J 1’1,[5-9] and widely used in the robotics
community. ‘J’his algorithm, known as Configuration
Control, combines the specification of a set of con-

straint tasks with tllc encl-cffcctor  prescribed trajectory
to I)rovicle  a highly cfiicicnt  and powerful redundant
arm control strategy.

IIackground
l)uring  the course of tllc past two years, Rli.C has

clcvclopcc] a unique servo control architecture for its
manipulator arms which greatly reduces the need for
cxpcnsivc  external power and computing electronics
and replaces the costly internal arm wiring harness
with a ‘(fly-by-wire” data/power bus communication
systcm.  Miniature I)SI’-bascd servo control rnodulcs,
containing all computing and power electronics, are
colocatcd  with the joint actuators in the manipulator
arm joints. l’he  parameters for the individual joint
controllers arc downloaded by a master computer via a
high-speed communication link. Since the remotely-
locatcd  master computer is free from the burden of
servo power and computing clec’tronics,  high-level con-
trol functions can now be practically transferred to a
general-purpose workstation or persona] computer with
significant cost savings. This ncw high-level RRC con-
troller is designated the Next Generation ContrcJler
(RRC/NGC).

]n the area of redundant arm control, J 1’1.  has
developed a class of motion control algorithms for
redundant manipulators called Configuration Control
(CC), [5-9]. In this approach, the user can specify
task-dependent constraints for the redundant manip-
ulator which have the effect of utilizing the robot re-
dundancy and allowing efficient end-effecter trajectory ‘
control. Since this approach was implemented orig-
inally on RRC manipulators and the resulting algo-
rithms were extensively tested in several experiments,
it is felt that this technology is mature enough to be
transferred to industry and incorporated into ILRC
new product line (see F’igure  3).

‘1’hc  RRC/NGC  systcm  under development will be
highly compatible with the kind of centralized high-
Ievel control embedded in the CC ZLpprOdl.  The mas-
ter computer used in the NGC system is a standard
workstation, and it is well suited to run the CC algo-
rithms, Furthermore the use of a workstation (or of a
I’C) as a master computer enables RRC  to make use of
enhanced graphic capabilities to provide the user with
a sophisticated interface for motion planning and con-
trol.

Approach
in order to ensure that the technology transfer pro-

ceeds smoothly, the following steps have been planned:

1. lhrplicate hardware and software environment of
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l’igure  3: 7-I)OF  Robotics Researc}l  arm.

ltRC/NGC at JPI, and test it with the RRC manipul-
ators in the J 1’1, Robotics I.aboratory.

2. Modify J} ’I, Configuration Control algorithms to
make thcm compatible with the NGC environment,
implement and test the algorithms on the master com-
puter adopted in the NGC system and with the current
RRC manipulators in the J 1’1, Robotics I,aboratory.

3. Integrate the tested  algorithms with the new RRC
manipulators using the Next Generation Controller.

Technology Transfer Issues
A technology transfer task of this type requires the

same steps as to transform a laboratory prototype into
a commercial product. Once the functionality of the
prototype, the ,CC algorithms in this case, has been
established and verified, then the development efforts
must focus on issues such as compatibility with the rest
of t}lc system, price/performance trade-off, documen-
t a t ion ,  m  aintcnability, a n d  s o  o n .

‘J’hc decision was made by RRC to implement as
much as possible of their software in object-oriented
format, and use an IBM compatible personal computer
as the master controller. J’rom the J] ’I, side, it was
necessary to rc-engineer some existing software to elim-
inate the dependency of the code on data structures
related to the rest of the J PL system, and to port the
programs to an operating system compatible with the

IIIM-1’C  that IUtC  has selected as its NGC platform,
In tllc interest of co~npatibi]ity  with existing RRC soft-
ware, as well as to minirnizc  overall systeln  cost, the
real-time operating system sclcctcd  is the Intel iRMX
running  under Windows, which can execute RRC’s  ex-
isting code as WC1l as t}le new JI’1, Configuration Con-
trol software modules.

‘1’hc technology transfer is currently proceeding
smoothly and most of the necessary programs have al-
rcad y been converted to a stand-alone configuration.
We will be ready to integrate this software with tlic
I’C-based real-time system and test it wi,th the RRC
redundant manipulators in the JPL Robotics I,abora-
tory later this year.

A c k n o w l e d g m e n t
!l’his work was performed partly at the Jet l’ropul-

sion I,aboratory,  California Institute of Technology, un-
der contract with the National Aeronautics and Space
Administration.
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